The main objective of this paper is to provide unexpected experimental evidence of heavy oil and extra-heavy crude oils viscosity reduction resulting from the presence of nanoparticles of different chemical natures (SiO 2 , Fe 3 O 4 , and Al 2 O 3 ), surface acidity, and concentration at low-volume fractions. The viscosity of the enhanced fluids was measured using a rotational rheometer at shear rates varying between 1 and 75 s
Introduction
Asphaltenes have been extensively studied (Acevedo et al., 1998 (Acevedo et al., , 2007 Adams, 2014; Al-Maamari and Buckley, 2003; Franco et al., 2013b; Mullins et al., 2007; PachecoSa´nchez et al., 2003; Rahimi and Solaimany Nazar, 2009; Rastegari et al., 2004; Victorov and Smirnova, 1998) , being the most polar oil fraction, with complex chemical structures with a low ratio of aliphatic/aromatic chains (Acevedo et al., 2007; Mullins, 1998 Mullins, , 2011 Mullins et al., 2007) . Asphaltenes possess structures containing heteroatoms that allow self-aggregation, initially leading to colloidal aggregates, promoting the growth of the aggregates and consequently increasing the oil viscosity (Ghanavati et al., 2013; Leontaritis et al., 1994) . The increase in viscosity is mostly due to the formation of a viscoelastic network of interacting asphaltene nanoaggregates (Mullins et al., 2007; Yudin and Anisimov, 2007) . In addition, sulfur can form strong C-S and C¼S bonds, which can also contribute to an increase in the crude oil viscosity (Chuan et al., 2010; Ghanavati et al., 2013) .
Viscosity is a very important property in the treatment and management of heavy oil (HO) and extra-heavy oil (EHO), so improving their mobility at reservoir or surface conditions has become a challenge for the Oil & Gas industry at present (Hart, 2014) . The most commonly used techniques to improve HO and EHO mobility are economically and environmentally costly (Saniere et al., 2004; Urquhart, 1986; Xia and Greaves, 2001) , including: (1) dilution techniques with several chemical solvents (toxic) involving high volumetric consumption; this requires intensive maintenance of pipelines and storage systems as solvents tend to be corrosives (Gateau et al., 2004; Heim et al., 1984; McMillen, 1985; Urquhart, 1986) and (2) thermal techniques that are highly costly due to the energy consumption (Chen et al., 2003; Greaves and Xia, 2001; Hashemi et al., 2013; Xia and Greaves, 2001; Yi et al., 2009) . Mortazavi-Manesh and Shaw (2016) studied the effect of different types of solvents on the rheological properties of Maya crude oil at different temperatures. The solvents used in their study were toluene, n-heptane, and a 50/50 vol% mixture of toluene and butanone. Rheological evaluation was performed using steady-state methods at share rates 0-200 s À1 ; as expected, dilution and temperature increase reduced oil viscosity. These mixtures exhibit a characteristic non-Newtonian shear-thinning behavior, but with increasing temperature, the Newtonian behavior becomes dominant. Solvents in decreasing viscosity reduction effectiveness for the entire range evaluated are a mixture of toluene-butanone > toluene > n-heptane. Several researchers have demonstrated the application of nanotechnology in several areas in the Oil & Gas industry (Franco et al., , 2013a (Franco et al., , 2013b (Franco et al., , 2013c Nassar et al., 2015b; Pereira-Almao and Larter, 2008; Snow, 2011; Tarboush and Husein, 2012; Wichert et al., 1995) . On the other hand, some of the earlier use of nano or micro-particles on fluids, except in HO and EHO, led to a viscosity increase (Einstein, 1906; Guth and Simha, 1936; Kitano et al., 1981; Mooney, 1951; Thomas, 1965) . This can be explained through Einstein's theory on hydrodynamic viscosity (Einstein, 1906) , which suggests that an increase in fluid viscosity should occur upon addition of solid particles that is directly proportional to the volume fraction of solids added. However, the proposed model does not fit adequately many fluids assessed, and for that reason several researchers have proposed modified mathematical models derived from Einstein's equation (Einstein, 1906; Ouerfelli and Bouanz, 1996) such as Chong et al. (1971) , Eilers (1941) , Krieger and Dougherty (1959) , Maron and Pierce (1956) , Mooney (1951) , and Roscoe (1952) . These models often represent a better approximation to the viscosity response of different types of suspensions than Einstein's equation (Pal and Rhodes, 1985; Pal and Taborda et al. NP3 Vargas, 2014) . For applications in crude oils, some authors have studied the addition of asphaltenes in an attempt to understand the viscosity behavior of HO and EHO, which has been shown to increase drastically as the asphaltene fraction increases. Other authors have experimentally studied and modeled the rheological behavior of emulsions water-oil (Barre´et al., 2008; Bouhadda et al., 2000; Jezequel et al., 1985; Plegue et al., 1989; Sheu et al., 1991; Van der Waarden, 1954) . Recently, Pal and Rhodes (1989) proposed a non-Newtonian shear model based on Einstein's theory, which has been applied to explain the behavior of the viscosity of several crude oils and de-asphalted oils (DAO) varying their content of asphaltenes by the addition. The model is as follows
where n r is the relative viscosity, corresponds to the volume fraction of dispersed particles, and K o is the solvation constant, which is related to the immobilization of continuous phase on the dispersed particles surface, so for spherical particles the form factor is 2.5. As can be seen in equation (1), the value of viscosity increases when the volume fraction of dispersed particles is large. This study relied on adding asphaltenes to crude oils and de-asphalting oils. Luo and Gu (2007) developed a generalized model based on the Pal and Rhodes' model Rhodes, 1985, 1989 )
where V refers to the ''shape factor,'' varying according to the type of particle. The other parameters, and K o , are described by Luo and Gu (2007) and Pal and Rhodes (1989) . This model has been successfully applied to describe the viscosity response of crude oils (HO, EHO, and DAO) to addition of asphaltenes at different temperatures (293-333 K). The authors consider asphaltenes as semisolid particles, and for this reason one expects the viscosity to increase the higher the asphaltene content (Acevedo et al., 2007; Mullins et al., 2007; Pal and Vargas, 2014; Pierre et al., 2004) . Similarly, multiple authors have modeled the viscosity of heavy crude as a function of asphaltene content with conventional models derived from Einstein's equation (Bouhadda et al., 2000; Luo and Gu, 2007; Pal and Vargas, 2014; Sheu et al., 1991; Van der Waarden, 1954) . To the best of our knowledge, the effect of solid nanoparticles (NPs) on HO and EHO properties has not yet been studied, either experimental or theoretically, thus the novelty of this paper. Here we provide a rheological characterization of heavy and EHOs containing NPs of different chemicals nature, surface acidity, and concentrations of NPs. These results are contrasted with measurements in the absence of NPs. In addition, a first mathematical approach based on Pal and Rhodes model is developed for describing the viscosity reduction of crude oils containing a low concentration () of NPs ( < 0.004). Our experimental and theoretical study sheds light on phenomena associated with inclusion of NPs in the crude oil matrix for future applications in the Oil & Gas industry.
Experiments Materials
Two Colombian heavy crude oils were used as HO and EHO matrices. The properties of the selected HO and EHO are presented in . The commercial 8 nm NPs were selected for surface acidification and basification. The treatment consisted of mixing NPs and sulfuric acid at 0.3 wt% to obtain a solution at pH ¼ 4, and NaOH at 0.3 wt% to obtain a solution at pH ¼ 11, respectively. A Horiba Navih pH meter was used for pH measurements. The solution was sonicated for 2 h at room temperature, then further stirred magnetically at 100 r/min for 12 h and subsequently centrifuged at 4500 r/min for 15 min. The NPs were dried at 393 K for 4 h. The materials were labeled according to their chemical nature and size, e.g. S8 is a silica gel of 8 nm. This nomenclature was used for chemically untreated NPs (for surface modification). On the other hand, the materials chemically treated were labeled similarly, adding an identifier for the treatment used, i.e. S8A stand for 8 nm SiO 2 NPs treated with acidic solution.
Characterization of NPs
The mean particle size of the NPs (dp) was obtained through dynamic light scattering measurements at 298 K using a nanoplus-3 from Micromeritics (Norcross, GA) equipped with a 0.9 ml glass cell (Nassar et al., 2015a; Zapata et al., 2015) . The BrunauerEmmettTeller (BET) surface area (S BET ) of the NPs was measured through nitrogen physisorption at 77 K using an Autosorb-1 from Quantacrome BET, after outgassing samples overnight at 413 K under high vacuum (10 À6 m bar). Table 2 shows the dp 50 and S BET values obtained.
Evaluation of NPs as viscosity reducers
Rheological measurements were performed using a Kinexus Pro þ rotational rheometer (Malvern Instruments, Worcestershire, UK), equipped with a Peltier plate for temperature control, with a 20 mm serrated plate-plate geometry at a gap of 300 mm. To analyze the change in viscosity induced by the addition of NPs, several conditions were evaluated, including the effect of concentration, and the NP chemical nature. The rheological measurements were conducted at 298 K in a shear rate range of 1-75 s À1 . Each experimental condition set was repeated three times. NPs were mixed with the oil by stirring at 500 r/min during 30 min until homogenization.
NP concentration effect. The concentration of NPs in the heavy crude oil matrix is an important aspect that must be investigated to determine its effect on the viscosity 
reduction. There may be an optimum point at which NPs perform better. For this reason, the S8 sample was selected to evaluate the effect of concentration on the rheological properties of the HO matrix. In previous works (Franco et al., 2013a (Franco et al., , 2013b (Franco et al., , 2013c Nassar et al., 2015a) we demonstrated that S8 NPs had great affinity for the asphaltenes and heavy compounds in oil, reducing the asphaltenes' aggregates size present in the HO matrix. For this reason, the addition of these particles should positively affect oil rheological properties, mainly by reducing the HO viscosity. The concentrations tested were 10, 100, 1000, and 10,000 mg/l.
NP chemical nature effect. The phenomenon of viscosity reduction occurs due to the interaction of the NPs with the heavy hydrocarbons of the crude oil (Taborda et al., 2016) . For this reason, it is expected that the chemical nature of the NPs play an important role in the interaction with the asphaltenes and other heavy hydrocarbons present in the crude. For this reason, it is necessary to evaluate different NPs with different chemical natures and to identify which type of particle has the greatest impact in reducing the viscosity of heavy crude. To study the effect of NPs chemical nature on HO viscosity, S8, S8A, S8B, Al35, and F97 NPs were used at a fixed concentration of 1000 mg/l, which is the optimal value determined aforementioned concentration tests.
Effect of oil chemical nature. Because the reduction of viscosity of the HO by addition of particles is produced by an interaction between NPs and heavy components of the crude oil, it is necessary to evaluate different crude oil samples as sources of asphaltenes. In this way it is possible to identify aspects related to the performance of the particles and to determine in which type of crude, a higher performance of the NPs is presented. To carry out such an evaluation, two crude matrices were evaluated, i.e. HO and EHO. The type of NP and their concentration in these tests were selected according to the greatest viscosity reduction from all the aforementioned measurements.
Pal and Rhodes modified model
The model proposed by Luo and Gu (2007) and Pal and Rhodes (1985) allows one to calculate the viscosity of HO suspensions where asphaltene aggregates are considered semisolid particles or colloids embedded in the matrix of the HO. In multiple works proposed by several researchers (Barre´et al., 2008; Bouhadda et al., 2000; Eilers, 1941; Pal and Vargas, 2014; Sherman, 1983; Sheu et al., 1991; Van der Waarden, 1954) , the 
model is applied to heavy crudes with different contents of asphaltenes. The viscosity is found to clearly increase concomitantly with the increase in asphaltene content and the model fits the experimental data well. However, in our particular case, when oil is in the presence of NPs at low concentration, the viscosity decreases significantly. The NPs are purported to interact with the asphaltene aggregates, reducing their average size by reducing the interaction energy between the NPs and asphaltenes, consequently changing the asphaltene colloidal structure. This in turn redistributes and generates a decrease in viscosity (Franco et al., 2015; Nassar et al., 2015a) . Therefore, a disaggregation phenomenon is happening instead of an asphaltenes aggregation process (Nassar et al., 2015a) . Based on the observed viscosity behavior of the HO and EHO, the Pal and Rhodes model is modified (Luo and Gu, 2007; Pal and Rhodes, 1989) . Our approach was validated using the experimental rheological results varying the S8 NPs concentration (0, 10, 100, and 1000 mg/l). These values are equivalent to volume fractions of 0, 3.7 Â 10 À6 , 3.7 Â 10 À5 , and 3.7 Â 10 À4 , correspondingly, which were estimated using a theoretical density for SiO 2 ¼ 2.65 g/cm 3 . Therefore, it is possible to obtain a mathematical approach that matches what is obtained in the laboratory for a fixed shear rate (). The proposed model is shown in equation (3) 
Similarly, n r is the relative viscosity, is the volume fraction of dispersed particles, K is the solvation constant, and V is the ''shape factor'' of dispersed particles. The goodness of fit of the proposed model was evaluated through the correlation coefficient R 2 and relative or percentage root-mean-square error (RSME%) (Montgomery, 2008) RSME% ¼ 100
where k is the number of observations and exp and calc are the observed and calculated values of viscosity, respectively.
Results and discussion
A group of several NPs was evaluated and for this reason the concentration effect of NPs was first tested, then, the chemical nature of NP and HO effect were evaluated by testing two types of crude oils.
NP concentration effect Figure 1 shows the experimental rheological measurement of HO matrix in the presence of S8 NPs at concentrations of 10, 100, 1000, and 10,000 mg/l. Each measurement was done in triplicate and presented in the form of error bars. The experimental equipment used was greater than 99%, and the error obtained between the measurements was less than 3%. In this way, the results are completely reliable. It is observed that by increasing the concentration of NPs in the medium, the viscosity tends to decrease. This occurs up to the optimal concentration of 1000 mg/l is reached. The reduction in viscosity occurs due
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to the interaction between the surface of the S8 NPs and the asphaltenes in the HO structure. It is worth to remember that asphaltenes are the heaviest and most polar compounds in crude oil, responsible for HO high viscosity. Hence, the employed NPs are able to alter the internal structure of crude oil, destabilizing the viscoelastic network formed by the combination of asphaltenes and resins (Taborda et al., 2016 (Taborda et al., , 2017 . The proposed mechanism related to the reduction of viscosity by addition of NPs to the HO matrix consists of the adsorption of the asphaltenes over the NPs, which has a high affinity for the polar and heavy compounds present in the crude oil (Giraldo et al., 2013; Guzma´n et al., 2016) . These compounds are mainly the asphaltenes, which interact with the NPs silanol groups (SiOH) whose strength is greater to the interaction asphaltene-asphaltene. In this way, the NPs have the ability to break into the internal structure and decrease the size of the aggregates of asphaltenes present in the oil and to produce the reduction of viscosity of the fluid by generating a change in the internal structure of the fluid. For a concentration of 10,000 mg/l the viscosity reduction still occurs, though smaller compared to the optimal concentration. This might be possibly due to an increase in the packing factor of the particles, which can cause NPs aggregation, as such reduces the energy of interactions among asphaltene aggregates present in the fluid. The degree of viscosity reduction (DVR), see equation (5) (Hasan et al., 2010) , is defined and calculated by
where HO and np are the crude oil before and the after-NP-inclusion viscosity values, measured at shear rates between 0 and 75 s À1 , respectively. In Figure 2 the DVR% for S8 NPs at 10, 100, 1000, and 1000 mg/l for different shear rates (0-75 s À1 ) are shown. 
The values of DVR show that the optimal concentration at which the greatest change in viscosity occurs is 1000 mg/l for all shear rates. The lowest concentration tested (10 mg/l) generates average reductions in viscosity of roughly 3%. The increasing shear rate slightly decreases the DVR benefit, which is mainly due to a change in the internal structure of the fluid (Ghannam et al., 2012; Mortazavi-Manesh and Shaw, 2014 ) that causes a decrease in viscosity. For this reason, the oil viscosity without NPs is lower than at low shear rates, and although the NPs have an effect at any shear rate, its performance is slightly lower.
The relative viscosity of heavy crude suspensions is presented in the presence of NPs at different concentrations in Figure 3 . The X axis shows the different volumetric fractions of particles dispersed in the crude oil. These data were measured at a fixed shear rate of 6 s . HO: heavy crude oil.
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The modified Pal and Rhodes model has an acceptable fit for the experimental data at the shear rates evaluated. As the concentration of NPs in the fluid increases, the relative viscosity decreases for the range evaluates from the minimum volumetric fraction until the optimum point, that is a volume fraction of 3.7 Â 10 À4 , and can benefit from an interesting mathematical approach that can explain the phenomena.
The mathematical model developed here readily explains the beneficial effect of NPs. In Figure 4 , the K and V parameters are shown for all shear rates evaluated. The values of parameters are presented in Table 3 . The model fits well, as evidenced by the RSME% value less than 10%.
The solvation constant (K) decreases as the shear rate increases, due to an increase in the fluidity of crude oil as its rheological behavior is pseudo-plastic or shear thinning (Kee et al., 1988; Mortazavi-Manesh and Shaw, 2014) . The shape factor V depends significantly on the geometric shape of asphaltene-NP. Asphaltenes aggregate onto NPs (Acevedo et al., 1998 (Acevedo et al., , 2007 Franco et al., 2015) modifying the NPs apparent geometry and as the shear rate increases, the V parameter follows to slightly increased trend, this is possibly due to the alteration of the geometry of asphaltene-NP by increase in the medium turbulence.
NP chemical nature effect 
reason, S8, S8A, S8B, Al35, and F97 were mixed in a HO matrix interacting with the heavy compounds of crude oil affecting their colloidal state (Franco et al., 2015; Nassar et al., 2015a) . It is worth mentioning that asphaltenes have been proposed to exhibit a colloidal behavior with the ability to self-associate (Franco et al., 2015; Nassar et al., 2015a) . By increasing asphaltene concentration in the HO, aggregate size also increases, and when the concentration reaches the asphaltene critical aggregate concentration, i.e. the concentration at which asphaltene forms large aggregates (Acevedo et al., 2007; Delgado, 2006; Gharfeh et al., 2004 ) the viscosity is expected to increase significantly (Franco et al., 2015; Hasan et al., 2010; Luo and Gu, 2007; Mullins et al., 2007; Williams, 2003) . However, the self-association of asphaltenes can be inhibited to different degrees depending on the NPs' Crude Oil S8B S8A F97 Al35 S8 Figure 5 . Viscosity of heavy crude oil in absence and presence of S8, S8A, S8B, Al35, and F97 nanoparticles at 1000 mg/l, 298 K, and shear rate between 0 and 75 s À1 . Taborda et al. NP11
chemical nature Nassar et al., 2015a) . Results indicate that all samples exhibit a viscosity reduction. The ability to reduce viscosity follows the order S8 > Al35 & F35 > S8A > S8B. The attraction forces between the NPs and asphaltenes are higher for S8, possibly happening due to the presence of SiOH, but also because of the surface area (S BET ) that is the highest value of all NPs evaluated. For that reason, the greatest contact area and more active centers for interacting with the i-mer of asphaltenes are available for these particles. The Al35 and F35 NPs showed a similar behavior and the S BET has similar values; the interaction forces possibly respond to the chemical interaction with the heteroatoms of asphaltene aggregates (Nassar et al., 2015a) . For S8A and S8B NPs, the surface acid modification affects the interaction forces; this depends on the quantity of basic and acid centers of asphaltenes, and for this case, it has a better impact on a NP neutral surface. On previous works the affinity of the NPs evaluated produced a fragmentation of the asphaltenes aggregates (Nassar et al., 2015a) affecting their colloidal structure and possibly the internal structure of crude oil, generating a HO viscosity reduction. According to the results, the S8 NP has the best performance on the HO viscosity reduction. For this reason, this sample was selected to evaluate the effect of oil chemical nature.
Heavy crude oil effect
The S8 NPs exhibit the best performance; therefore, we selected this NP to evaluate two different heavy crude oils. The first one is HO with 13 API, and the second is EHO with 6.4
API. In Figure 6 , the rheological measurements for HO and EHO mixed with S8 NPs at 1000 mg/l and 298 K are presented.
The rheograms reflect non-Newtonian behavior for these fluids. They may be characterized as pseudo-plastic fluids or shear thinning behavior. As expected, the EHO exhibits viscosity values much higher than the HO at all shear rates. This is due mainly to a high content of asphaltenes and a substantial decline in the API gravity. Equally, S8 NPs are also effective to lower viscosity in this kind of fluids, suggesting that NPs have similar behavior in both crude oil, interacting with asphaltene aggregates, altering their colloidal structure, and generating a significant reduction in viscosity. 
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In Figure 7 , the DVR for HO and EHO in the presence of S8 NPs at different shear rates (0-75 s À1 ) is shown. The S8 NPs produce viscosity reduction in both heavy and extra-heavy crude oils and at all shear rates. The performance of the NPs is greater at high shear rates, which is mainly due to a decrease in the viscosity of the oil without NPs, typical of nonNewtonian fluids. The HO intrinsic viscosity with and without NPs is reduced with the increase in shear rate. For this reason the DVR decreases with increasing shear rate. The effectiveness of the S8 NPs is higher in HO than in EHO, possibly caused by dispersion effects, as it is easier to disperse solid particles in a lower viscosity fluid. However, a reduction of more than 30% for extra-heavy crude oils with addition of solid particles is significant and relevant for commercial applications. It is worth mentioning that a higher DVR can be obtained when a carrier fluid is added to the system, allowing a better diffusion of the NPs through the oil matrix.
Conclusions
The addition of NPs of different chemical natures to heavy and EHO produces a viscosity reduction at low particle concentration contrary to expectations based on the behavior described through Einstein's theory on hydrodynamic viscosity. In this study, an experimental rheological evaluation on heavy and EHO was conducted. Al 2 O 3 , Fe 3 O 4 , and SiO 2 NPs were evaluated, including degrees of surface acidity effects. SiO 2 NPs with 8 nm of size at 1000 mg/l yield the best performance as viscosity-reducing agents. Subsequently, we present the first mathematical approach to calculate the viscosity as a function of the concentration of NPs, expressed as a function of volume fraction based on a modification to the model Pal and Rhodes for suspensions viscosity. The model fits the experimental data well, for volume fractions between 0 and 3.7 Â 10 À4 . The solvation constant K and the form factor V follow a trend as function of the shear rates evaluated and are consistent with the oil shear-thinning behavior. . EHO: extra-heavy crude oil; HO: heavy crude oil.
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The results of this research serve as a starting point focused on the phenomenological behavior of the rheological properties of crude oil in the presence of NPs, generating a major impact on industrial applications related to the mobility of heavy and extra-heavy crude.
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